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Abstract

Different outcomes have been presented on the preparation of high-temperature
ceramic A,,B,0,,,s (A = Hf, Zr and B = Nb, Ta). Considering the importance
of these materials as refractories, the stability range of the A = Hf and B = Nb
compound is experimentally determined by preparing ceramics via solid-state
synthesis and analyzing their phase compositions. Then, the density functional
theory was used to study the stability of the homologous series versus decompo-
sition to the parent compounds of HfO, and Nb,Os. A good agreement with the
experimental values is found. In order to improve the theoretical data further, an
interatomic potential based on the first-principle calculations is developed and
applied to larger supercell structures. These force-field calculations confirm the
stability of the homologous series versus a solid solution. The calculations also
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1 | INTRODUCTION

Refractory materials find extensive use in a wide spectrum
of high-temperature applications. In the past decade,
research on refractories has increasingly shifted to
advanced materials systems which must withstand high
temperatures and aggressive environments. These systems
possess multifunctional properties that meet requirements
in thermal barrier coatings or semiconductor devices.'
In addition, the AO,-B,05 system class with A = (Zr,
Hf) and B = (Nb, Ta) has seen revived interest after
the discovery of ferroelectricity in orthorhombic HfO,
and increased interest in entropy-stabilized oxides.*® A
hallmark feature of this material class is the formation of

allow us to study cation order and periodic compositional modulation.

molecular dynamics, solid solutions, structure, ultra-high temperature ceramics

an orthorhombic A¢B,0;; phase with increased oxidation
resistance, ultra-high melting temperatures, and low
thermal conductivity.”

The crystal structure of A¢B,0;; was first described
in the 1970s, but the subsequent work has shown that
a complete and satisfactory structural characterization is
difficult. In a simplified picture, A¢B,0;; can be seen as
part of a homologous series with A,,B,0,,.5 which can
be described as a-PbO,-homeotypic superstructures of this
unit cell.® It was found that members of this homologous
series appear to be stable for 5 < n < 8 for all cation
combinations, and a solid solution within these limits
would form by varying the content of the series mem-
bers. However, it was soon realized by Galy and Roth that
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the compounds within the A¢,B,0;; phase space possess
superstructure X-ray diffraction peaks, whose positions
vary smoothly with composition, which is incoherent with
the former model.’ A refined description of the structural
characteristics of AgB,0;; acknowledges that the cation
and oxygen ions basically form independent sublattices
that allow for incommensurate compositional modulation.
In this revised picture, the whole A¢;B,0;; phase space
can be seen as a coherent material system, where com-
positional changes are accommodated by changes in the
modulation vectors of the cation and anion sublattices.'%!!

Although this new crystal structure model solves many
of the shortcomings of the simple homologous series
picture, further work is needed to fully understand all
nuances in the observed experimental data. For exam-
ple, the comparison of the work of McCormack et al.”
and Thompson et al.'? suggests that the stability region of
Hf,Ta,0,, s is significantly wider than for Zr,Nb,0,, 5.
Moreover, due to the similar X-ray scattering factors of Zr
and Nb, as well as Hf and Ta, the presence of cation dis-
order in these two compounds could not be ruled out. A
model framework that helps to satisfyingly reproduce the
common futures of A,,B,0,,, .5, but also provides insights
into the differences between the different systems, would
be beneficial.

In this paper, we first determine stability limits of the
HfsNb,O;; system and investigated its special diffraction
features. We then apply various theoretical methods to
calculate the stability limits from first-principles, namely
density functional theory (DFT) and force-field calcula-
tions. We find a good agreement between experimental
and theoretical data, which suggests that this theoreti-
cal framework can be used to predict other features of
the other A;B,0,, 5 systems, where A = Hf, Nb and
B = Nb, Ta. As the proof-of-principle, we study cation
order in the HfgNb,0;; and determine the energetically
most favorable structures. We also show that composi-
tional sublattice modulation is correctly reproduced within
this framework and establish a link between the oxygen
sublattice modulation vector and cation composition.

2 | METHODS

Samples were fabricated using standard solid-state synthe-
sis techniques like those described in ref.12 Pure hafnia
(3N5) and niobia (4N) powders were weighed into 13 sep-
arate batches with different compositions according to
Hf,Nb,0,,,.5 (n = 1-13). The powders were then milled
in an ethanol for 9 h using a vibratory mill with tough-
ened zirconia media. Powders were dried and pressed into
pellets before calcining in a box furnace at 1050°C for
12 h. The pellets were then ground in a mortar and pestle

and subsequently milled again for 9 h. Pellets were then
pressed at 5 000 lbs, embedded in a top and bottom layer
of calcined powder and annealed at 1300°C for 12 h. After
X-ray characterization of the ceramic pellets, the samples
were reground and the described routine was repeated for
annealing temperatures of 1375°C and 1450°C.

X-ray diffraction was carried out with a Rigaku Ultima IV
X-ray powder diffractometer equipped with a Cu source.
Phase compositions for these samples were determined
through Pawley fitting'® to the X-ray data using the soft-
ware package GSAS IL'* Time-of-flight (TOF) neutron
diffraction data were recorded with the POWGEN diffrac-
tometer at beamline 11A SNS of Oak Ridge National
Laboratory.

First-principles’ DFT was performed using the Quan-
tum ESPRESSO code. All calculations were done within
the generalized gradient approximation with the Perdew—
Burke-Ernzerhof (PBE) functional. Plane-wave energy
cutoffs of 540 eV and a 4 X 4 X 2 k-point were used. Struc-
tural optimization is carried out until all Cartesian forces
on the ions are less than 4 meV/A and the total energy dif-
ference between structural relaxation iterations is below 1
meV.

Interatomic potentials of classical Morse and Beest-
Kramer-van Santen (M-BKS) character were chosen for
our force-field model. Combining these potentials has
been shown to provide good results in hafnia and tanta-
lum pentoxide before and is thus expected to perform well
here too."”> The interatomic potentials have been optimized
to our material system by taking the literature potential
parameters as starting point and using the GULP software
package'© to fit the parameters to accurately predict the
structure of Hf,Nb,0,, s (n = 1-7), as well as the bulk
structures of Nb,O5 and HfO,, as calculated by DFT.

3 | RESULTS

3.1 | Stability range of solid-state
synthesized ceramics

Figure 1B shows exemplary X-ray scans of three differ-
ent samples prepared at 1300°C: 71.4%, 85.7%, and 90.9%
HfO,. Note that all HfO, percentages are expressed in mole
percent throughout this paper. In order to determine the
actual phase compositions, three different phases are con-
sidered: the two parent compounds, monoclinic HfO, and
h-Nb,Os, as well as HfyNb,0;; (Figure 1A). The crystal
structure of the latter was taken from the work of McCor-
mack and Kriven.!” We found that the XRD scan of the
85.7% sample could be fit solely with the Hf;Nb,0,,, that
is, this sample is phase pure. However, the 71.4% and
90.9% samples were mixed phase. It should be stressed
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(A) Crystal structures of the three phases used to refine XRD data, that is, monoclinic h-Nb,Os, monoclinic HfO,, and

orthorhombic HfsNb,O,,. (B) Exemplary results of a XRD refinement for three different compositions sintered at 1 300°C with varying
content of the three phases. Peaks stemming from different phases are shaded in different colors for clarity. (C) Determined phase fractions of
h-Nb, 05 and HfO, as a function of the nominal HfO, content for various sintering temperatures. Solid lines are fits to the data.

that our XRD fitting approach does not allow to report
phase contents with high confidence (< a couple per cent)
and generally an internal standard, such as Si or corun-
dum, would be needed. However, the Hf,Nb,0,,,, s phase
stability range can be determined with good accuracy by
extrapolating the contents of Nb,Os; and HfO, to zero,
since this approach renders the need for a reference unnec-
essary. Figure 1C shows the determined parent compound
phase contents as a function of the nominal HfO, content
in the HfO,-Nb,Os system. It can be seen that the con-
tents of the parent compounds generally decrease toward
the stability region of the homologous series. The solid
lines are fits to the experimental data where the phase con-
tent follows the theoretically expected fraction of Nb,Os
and HfO,, that is, left after the complete reaction to the
lower and higher Hf,Nb,0,,,, s bound phase, respectively.
That means the stability limits are fitting parameters. For
the 1300°C series, we find the Hf,Nb,0,, s phase to be
stable between 80.5% and 86.0% HfO,, that is, for n val-
ues between 4.1 and 6.2. With increasing temperature
the upper limit of the stability region appears to slightly
shift toward higher HfO, contents, while the lower limit
remains unchanged. It should be noted that at 1450°C

unreacted Nb,Os; powder started to melt and thus, phase
content data determined from XRD scans would be unre-
liable. We have therefore omitted these data from the
graph. The upper phase stability limit for this tempera-
ture has shifted to 87.3%. Widening of the stability region
is expected to be observed as increasing temperatures and
additional milling steps increases the reaction of unre-
acted hafnia and niobia powder. The shift toward higher
HfO, contents, however, indicates that at higher tempera-
tures stoichiometric changes due to Nb-loss might be an
issue. Similar observations have been reported before.!’
A consequence would be that practically Hf,Nb,O,, 5
compounds are better prepared via low-temperature routes
that rely on shorter ion diffusion processes as opposed to
high-temperature solid-state synthesis.

3.2 | Stability range from
density-functional theory calculations

In order to corroborate the experimental results, DFT
calculations have been performed. A good agreement
between experimental and theoretical studies would imply
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(A) Framework for structural relaxation of A, B,0,,,,s phases within the DFT and interatomic potentials approach. The

starting configuration is composed of 2(n+1) slabs with a-PbO,-type structure and two slabs of the YF;-type structure. As indicated by the
green arrows, the orientation of the trigonal oxygen prisms flips at these intermittent slabs. After structural relaxation, the A, B,0,, s phase is
well reproduced. A periodic nearly sinusoidal displacement of the oxygen ions is observed (blue dashed line). (B) Formation energies

compared to the two parent compounds as a function of the molar HfO, content for the DFT and the interatomic potentials based calculations
with alx1x1and 2 X 2 x 1supercell, respectively. DFT, Density functional theory.

that the theory approach can be applied to not only
this material systems but also other related material sys-
tems and can be used to predict material characteristics
that are not easily accessible by experiment, which is of
particular importance for high-temperature systems. The
stability range of the homologous series is determined by
structurally relaxing an “ideal” parent crystal structure to
minimize its ground-state total energy. This total energy is
then compared to the total energy of the according phase
mixture of HfO, and Nb,Os. Figure 2A shows the starting
crystal configuration of the “ideal” Hf,Nb,0,, .5 crystal
structure. For example, the configuration for n = 4 is com-
posed of a total of 2(n+2) = 12 a-PbO,-type unit cell blocks.
The a-PbO,-type structure is characterized by a highly
distorted octahedral arrangement of oxygen anions with
three inequivalent metal-oxygen bond distances.'® For two
of these blocks, two additional oxygen atoms are added.
These additional atoms account for the additional oxy-
gen, that is, brought into the system by Nb,Os, so that
the overall charge state remains neutral. These blocks are
equally spaced across the entire unit cell and resemble the
YF;-type structure which is characterized by a cation coor-

dination number of 9."” The capped trigonal oxygen prisms
of the PbO, blocks change orientation at these oxygen-rich
blocks and PbO,-type blocks are simply added or deleted
to create unit cells with higher or lower n, respectively.
For a more detailed insight into the building principle
of the homologous series, the reader is referenced to the
original work of Galy et al.” or later descriptions by Wiede-
mann et al.> and McCormack and Kriven."” The Hf and
Nb cations are randomly distributed over the metal ion
sites according to their phase content. The bottom part of
Figure 2A shows the crystal structure of the n = 4 con-
figuration after structural relaxation. We find a very good
agreement with the crystal structure reported by McCor-
mack et al.,”” with unit cell volume and average atomic
positions differences of only 0.4% and 0.04 A, respectively.

In Figure 2B, the formation energy per atom versus
the hafnia and niobia parent compounds is plotted as
a function of the nominal HfO, content for all studied
members of the homologous series. For the calculations
performed by DFT, the graph implies that the n = 6 mem-
ber (85.7 % HfO,) is the most stable compound within the
homologous series. This observation has been made also
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experimentally for all A,B,0,,,s. It can also be seen
that between 80.5% and 87.5% the formation of the
Hf,Nb,0,,,.5 phase is energetically favored. This result
agrees well with the experimentally measured stability
limits.

3.3 | Stability range from force-field
calculations

Since the DFT calculations assume that periodic bound-
ary conditions and the unit cells used to calculate
Hf,,Nb,0,,,, 5 properties are only one a-PbO, block wide,
the calculated structures are technically cation ordered
along the a and b crystal axes. True disorder would require
large supercells along all Cartesian axes which is too com-
putationally expensive for DFT. For this reason, we have
developed a force-field model based on classical inter-
atomic potentials. In terms of accuracy, classical force
fields typically perform quite well for predominantly ionic
materials, while they are still computationally highly effi-
cient. This fact allows one to move away from a single unit
cell and conveniently study large supercells containing
thousands of atoms. The middle panel of Figure 2B shows
the result for the single unit cell using interatomic poten-
tials. The stabilization of Hf,Nb,O,, s between roughly
80% and 89% is well reproduced, but the data are noisy.
In a second step, we performed the same calculations
for 2 x 2 x 1 supercells (lower panel), meaning that the
unit cells were doubled in size along the a and b crys-
tal direction. This supercell provides configurations that
are much closer to true random cation disorder, where
effects of period boundary conditions are negligible. Con-
sequently, the noise is reduced and a smooth curve with
a stability region between 80.5%-89% is obtained. Overall,
the DFT results are in good agreement with the force-
field calculations. This fact indicates that our interatomic
potentials can be used to study other characteristics of the
Hf,,Nb,0,,,, 5 system.

3.4 | Cation order

The question of cation order in A, B,0,,,, 5 has been under
debate for some time. The currently accepted position is
that all four ternary variants show complete disorder on
the metal ion site.”” Our XRD data do not present addi-
tional reflections that would show up under any kind of
cation order and therefore corroborates this finding. The
computational demand of DFT is too great to study the
large configurational space within the large unit cells of
A, B,0,,,5 However, our framework using interatomic
potentials makes global optimization schemes which mini-
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FIGURE 3
formation energy with respect to cation order using interatomic
potential based calculations and a1 X 1 X 1 supercell. DFT

Global minimization and maximization of

calculations have been performed for the 12 exemplary
configurations in order to showcase the good agreement between
the two calculation types. DFT, Density functional theory.

mize the energy configuration computationally accessible.
As proof-of-principle, we have applied a simple optimiza-
tion algorithm, the (1+1) evolution strategy,”” to 1 x 1 x 1
and 2 X 2 x 1 supercells of Hf{Nb,0;; and determined the
cation order configurations with the lowest and highest
formation energies.

Within the evolutionary process of the 1 X 1 X 1 super-
cell it took about 10 000 steps to reach the end points
with maximal and minimal formation energies, starting
from a random distribution. For 12 of these configurations
within the optimization path, the formation energies were
also calculated with DFT and the results are plotted in
Figure 3. The very good agreement with the interatomic
potential calculations demonstrates the reliability of this
approach. The highest formation energy is obtained when
Hf and Nb cations perfectly separate into slabs of HfO, and
Nb,Os, as illustrated in the top part of Figure 3. This result
validates that the interdiffusion of Hf and Nb ions into
their parent counterparts is thermodynamically favored.
In the energetically lowest cation arrangement, every sec-
ond plane of cations is comprised of only Hf ions, while for
the remaining planes the Hf and Nb ions are distributed
in a regular checkerboard type pattern (bottom part of
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Figure 3). It is noteworthy that the evolutionary energy
minimization of the 2 X 2 X 1 supercells leads to the same
cation arrangements.

We emphasize again that the lack of XRD superlattice
peaks highlights the absence of cation order in our sintered
samples, which is a result of the high entropy of the sys-
tem. This observation may be reflected in the progression
of cation ordering states during solid-state synthesis meth-
ods. In the early stages of phase stabilization, the cation
configuration would be similar to the described structure
shown for configuration number of 12, which is character-
ized by separate slabs of Hf and Nb ions. During annealing,
as a function of time and temperature the driving force
for free enthalpy minimization would result in the inter-
mixing of Hf and Nb ions. While the energetically most
favorable state is cation ordered, the relative energy dif-
ferences between different cation configurations are small
and are overcome by the entropy component to the free
enthalpy at high sintering temperatures. In consequence,
the structure approaches a randomly mixed configuration.
Our calculations are supporting this scenario.

3.5 | Periodically modulated structure

In the first structural description by Galy and Roth,” the
A, B,0,,,5 phases were described within the context of
a discrete homologous series. It was later realized that
a compositionally modulated superstructure consisting of
two independent sublattices, that is, the cation lattice and
the oxygen lattice, would better explain XRD and neutron
diffraction data. In this scenario, the ions are systemati-
cally misplaced from their average position whereby this
misplacement can be described as a periodic modulation.
The wavelength A of this periodic modulation is composi-
tion dependent and allows for the continuous variation in
phase space, as opposed to the homologous series formal-
ism. As example, the periodic modulation of the oxygen
sublattice is highlighted for Hf;Nb,0;; in Figure 2A as
dashed blue line. In this specific case, the periodicity 4 of
the periodic modulation is 12 a-PbO,-type blocks.

As a way to highlight the features of this composition-
ally modulated structure in Figure 4, we have analyzed
neutron data of an 85% HfO,-15% Nb,O5 sample sintered
at 1 500°C. In order to achieve the right stoichiome-
try, an 85% sample can be thought of as consisting of
members of the homologous series with two unit cells
of HfyNb,0;; and one unit cell of HfsNb,O;s, that is,
leading to a structure with 46 a-PbO, type blocks and
an Hf;;NbgO,9 formula unit. Consequently, the expected
modulation periodicity is 46/3 = 15.3 a-PbO, type blocks.
To fit the neutron diffraction data, we have therefore
refined an Hf,Nb,O,, s superstructure with a constant

American Ceramic Society
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FIGURE 4 Refinement of three different crystal
superstructures to neutron diffraction data of an 85% HfO,-15%
Nb,O; sample sintered at 1500°C. Black points represent measured
data, while colored solid lines are simulated scans based on the
refined crystal structures. The three crystal structures used as a
starting point to the refinement are based on Hf,Nb,0,, s with a
fixed oxygen sublattice modulation periodicity of 1 = 14 (top), 15.3
(middle), and 16 (bottom). The insets schematically illustrate the
modulation of the oxygen ion positions (not to scale).

sublattice periodicity of A = 15.3 (Figure 4, middle). An
almost perfect fit was achieved. When a different A of 14
(top) and 16 (bottom) is assumed, the fits are less sat-
isfactory. In particular, the peak at around 51 000 ps is
attributed to the modulated oxygen sublattice and is only
captured well when the periodicity of the modulation is
correct. For larger and smaller A values, the peak is shifted
to higher and lower TOF, respectively. It should be noted
too that the presence of only one single peak at 51000
us directly corroborates the existence of a compositionally
homogenous single-phase state. If the 85% sample would
be made up of a compositionally adjusted ratio of the
HfsNb,0;5 and HfsNb,0O;; members of the homologous
series, separation into two distinguished peaks would be
expected.

Our framework using interatomic potential successfully
reproduces the characteristics of a periodically modulated
phase. In order to showcase this fact, we have calculated
the energies of 1 X 1 X 15 supercells for various composi-
tions as a function of their oxygen sublattice modulation
wavelength. As can be seen in Figure 5, for all integer
Hf,Nb,0,, .5 compositions pronounced energy minima
are formed when 4 is congruent with 2(n+2) building
blocks. This fact basically means that for these composi-
tions all structures relax from there uniform starting point
towards commensurate end points as described by the
homologous series. This is noteworthy since due to the
supercell approach and the continuous variation of 4 no
implicit symmetry was enforced.

85U8017 SUOWILLOD BA 81D 3|ded!|dde ayy Aq pausenob a.e saoiie VO ‘88N Jo Sa|ni o} Afeid 18Ul U0 A8]IA UO (SUORIPUOD-pUR-SLUIB) LD A3 1M AJeiq U1 [UO//:SANY) SUORIPUOD pUe SWie | 8U188S *[5202/20/y2] Uo AriqiTauljuo A8 |1 ‘SeISeAIN ByinT uneN-Yed Aq 6v66T 998 [TTTT 0T/I0pAW00 A8 |m" ARe.q Ul JUO'SIIURRI80//:StY W14 pepeo|umoq ‘0T ‘vZ0Z ‘9T62TSST



s | journal

HERKLOTZ ET AL.

- American Ceramic Society

>
(]
El
w n=8
0 A=20 88.9% HfO, — 11.1% Nb,Os |
10} /]
> I
£ L}
— 5t I
- 1 n=7
i A=18 87.5% HfO, — 12.5% Nb,0s |
7 ¢
=
[}
E
w n=6
g A=16 85.7% HfO, — 14.3% Nb,Os |
7 +
7
10
3
E 4l
u n=5
ok 83.3% HfO, — 16.7% Nb,Os |
10}
>
[]
E 5
W n=4
ol A=2(n+2) =12 80% HfO, — 20% Nb,Os |
10 20 30
S
FIGURE 5 Formation energy as a function of A in units of

a-PbO,-type unit blocks assuming a sinusoidal wave (schematically
shown at the top). The energies are plotted with respect to their
energetically most stable configurations (red circles) that are found
to coincide with the discrete members of the A, B,0,,,,5
homologous series. Large 1 X 1 X 15 supercells were used to allow for
a smooth variation of the modulation vector.

4 | CONCLUSIONS

Research on high-temperature ceramic materials is of con-
siderable interest for emerging technologies in energy and
aerospace systems. This work explores the A;B,0,,.s
phase within the AO,-B, 05 system which has great poten-
tial due to high melting temperatures and robust chemical
stability. Here, we have developed an experimental and
theoretical framework to study important characteristics
of the Hf,Nb,0,,,, 5 phase. In particular, it was confirmed
that the Hf,Nb,0,, s phase is thermodynamically sta-
ble over a range of roughly 80.5-87.5 mol % HfO,. A
force-field model based on classical interatomic potentials
was developed and shown to reach accuracies compara-
ble to DFT approaches. This framework was then applied
to study the effects of cation order and compositional
periodic modulation. In the future, our model could be
used in molecular dynamics calculations to explore other
characteristics, such as thermodynamic expansion or melt-
ing temperatures. An extension to include other dopants
should be feasible without a large computational effort.
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